The evaluation method of the bolt conclusion for ultrasonic waves using reflection coefficient S 11 of scattering parameter was proposed. Ultrasonic waves of 2 MHz were used because variation of reflection coefficient S 11 was the greatest. Reflection coefficient S 11 was decreased as the axial force was increased. Usefulness of the evaluation method of the bolt conclusion using reflection coefficient S 11 was demonstrated.
Introduction
Bolts and nuts are a standard fastener used in the assembly of mechanical structures or consumer electronics. Because broken, slack, or over-tightened bolts can lead to serious accidents, quality control is therefore an important issue. Current inspection methods for measuring bolt axial force include ultrasonic, strain-gauge, and load-cell techniques. However, complex corrections of the measured values are required to obtain accurate measurements of the bolt axial force when using these methods (1) . Therefore, there is demand for simple quality-control techniques. Electromagnetic acoustic transducers (2) , piezo cables (3) , and smart washers using piezoelectric material (4) have been applied to evaluate bolt condition. Recently, the measurement of nonlinear ultrasonic waves, including second harmonic components, has been applied for nondestructive evaluation (5) (6) (7) (8) (9) (10) (11) (12) (13) . The second harmonic components are generated by the nonlinear response of plastic deformation, dislocations, closed cracks or the contact acoustic nonlinearity (CAN) (8) . These occur when objects are subjected to finite-amplitude ultrasonic waves. When a structure is fastened using a bolt, an axial stretching force is applied to the bolt. The bolt will be plastically deformed and may grow fractures when the axial force exceeds the bolt's elastic yield point. These plastic deformations and fractures can increase the second harmonic components response of the bolt. Moreover, in the interface of the screw threads of the bolt and the nut, the second harmonic ultrasonic waves will be generated by CAN. In our previous paper, the detection of second harmonic components generated from the fastened bolts was performed using ultrasonic waves transmitted and received, which was increased by approximately 10 dB or more over before and after fastening bolt (14, 15) . Contact area between the bolt and the nut should be increased as torque was increased. If the contact area was changed, reflection and transmission coefficient will be changed. In this study, reflection coefficient (S 11 ) of scattering parameter will be measured and the relation between torque and S 11 will be discussed. Evaluation of the bolt conclusion using S 11 will Fig. 1 Experimental set-up. be studied.
Experimental

Method
Scattering parameter using two-terminal pair circuit (16) 
where a 1 is incident electrical power signal of port 1, b 1 is reflection electrical power signal of port 1, a 2 is incident electrical power signal of port 2 and b 2 is reflection 
A schematic of our system for detecting the scattering parameter using continuous ultrasonic waves is shown in Fig. 1 . Ultrasonic waves are transmitted and received by piezoelectric transducer (PbTiO 3 ). The piezoelectric transducer is bonded to an iron bolt-nut conclusion using phenyl salicylate. Reflection coefficient S 11 will be measured by the network analyzer as the torque or the axial force varied. Torque will be applied by a digital torque wrench. Axial force will be measured by a load washer.
Decision of Frequency
Reflection coefficient S 11 for the torque when the frequencies are 1 -5 MHz is shown in Fig. 2, Fig. 3 and Fig. 4 . In the case of 2 and 3 MHz, reflection coefficient S 11 was changed as the torque was increased. On the other hand, in the case of 1, 4 and 5 MHz, variation of reflection coefficient S 11 was not confirmed. In 1 MHz, since the wave length coincides with the nut length, ultrasonic waves should be diffracted at contacting area. In higher frequencies 4 and 5 MHz, attenuation and directionality, which are greater compared with higher frequency, affected ultrasonic waves. In this study, 2 MHz was decided because variation of reflection coefficient S 11 was the greatest.
Results and Discussion
Reflection coefficient S 11 for the axial force is shown in Fig. 5 and Fig. 6 . Reflection coefficient S 11 was decreased as the axial force was increased. Most of ultrasonic waves should be reflected the interface between the bolt and the nut. Decrement of reflection coefficient S 11 corresponds to decrement of the power reflection between the bolt and the nut. The normal axial force of this bolt was 17.5 kN (17) .
Asperity of contacting surfaces should be planer as the axial force was increased, so reflection coefficient S 11 was greatly decreased at the closer normal axial force.
Thus, usefulness of the evaluation method of the bolt conclusion using reflection coefficient S 11 was demonstrated.
Conclusions
The evaluation method of the bolt conclusion using reflection coefficient S 11 was proposed. Reflection coefficient S 11 was decreased as the axial force was increased. Possibility of the evaluation method of the bolt conclusion using reflection coefficient S 11 was demonstrated.
In the practical use, seal material is used between the bolt and the nut, and/or, several material bolt and nut were used. In the future, possibility in the practical use using our method and application field will be discussed. 
